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A B S T R A C T
Metal halide perovskites have been the subject of intense theoretical and experimental research in recent years,
due to their huge potential over their silicon-based counterparts for tunable optoelectronic applications in high-
tech device innovation. The current best perovskite for solar cell applications, with a power conversion eﬃ-
ciency of 22%, methylammonium lead iodide (CH3NH3PbI3), is toxic due to the presence of lead and is therefore
harmful in solar cell applications despite its low concentration in solar cells. Hence, research exploits are geared
towards perovskites without lead. Unfortunately, this has taken back the gains in PCEs by about 70%, and a lot is
being done for improvement. In this paper, a new approach to these studies is introduced by performing Monte
Carlo simulations of ion-beam sputtering of lead and tin perovskites, as well as other promising candidate
materials, in order to throw some light on their potentials for higher eﬃciencies in photovoltaic applications.
The sputtering characteristics of six promising perovskites, including lead perovskite and lead-substituted per-
ovskites, were compared. The results showed a remarkable exhibition of similar sputtering characteristics of
linear projected ion range for Pb and Sn, with a maximum sputter yield around 78° ion incidence. The results
also indicated a correspondence between the sputtering characteristics and PCE.
1. Introduction
Lead halide perovskites have huge potential for applications in so-
lution-based photovoltaics (e.g. solar cells), with greater power con-
version eﬃciencies (PCEs) than silicon-based photovoltaics [1]. How-
ever, they suﬀer a large setback in these applications due to the toxicity
of lead and its solubility in water. There has therefore been an intense
research interest with promising results in recent years on less toxic
metal replacements [2–6]. One advantage of perovskite-based photo-
voltaics over their silicon-based counterparts is their low-cost fabrica-
tion due to the possibility of producing them in a variety of ways, in-
cluding the use of vacuum techniques [7].
A vacuum processing and fabrication technique is ion-beam sput-
tering of materials, which is an area of current intensive research as a
cost-eﬀective method of surface analysis, processing and fabrication of
self-organized nanostructures for optoelectronic applications [8–14]. A
new radio-frequency-sputtering method of production of lead-iodide
perovskite was proposed in Ref. [15]. This comprises of a deposition of
thin ﬁlms of lead sulphide, their conversion to perovskites by placement
in an iodine atmosphere, and subsequent immersion into a solution of
methylammonium (i.e. solution based). Whereas in Ref. [16], a non-
solution based method of perovskite ﬁlm fabrication by sputtering was
proposed. They conﬁrmed that sputter-processed perovskite ﬁlms
showed similar characteristics as their solution-processed counterparts
and produced perovskite solar cells with higher PCEs.
In a sputtering process, an incoming ion collides with an atom of the
target material and sets oﬀ secondary collision cascades leading to ki-
netic and thermal agitations of the target atoms. Noble gas ions are
commonly used in sputtering experiments because the use of other ions
(e.g. N2+, O2+) can cause local changes in surface composition, hence,
unusual morphology [17–26]. By virtue of the nature of the sputtering
process and the need for kinetic details within the earliest impact times,
molecular dynamics simulation can be exploited. However, surface
topographies of interest develop at much larger timescales beyond the
feasibility of molecular dynamics. In such time regimes, statistical
collisional data are acquired and exploited in Monte Carlo simulation
approaches. A number of enquiries have taken this approach, focusing
on speciﬁc sputtering conditions (e.g. [27–30]).
A Monte Carlo simulation suite developed by Ziegler and Biersack
[31–34], Stopping and Range of Ions in Matter (SRIM), and its more
extended counterpart, TRansport of Ions in Matter (TRIM), which in-
cludes SRIM and calculation of some sputtering parameters with Monte
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Carlo (MC) techniques, are versatile tools in this regard [34]. Signatures
of the ion-target interaction are the collision cascade parameters and
sputter yield. These can be drastically changed by minute changes in
the target composition. It is therefore of interest to know the eﬀect of
lead replacement on the sputter characteristics of metal halide per-
ovskites. By extension, it is of interest to know whether sputter char-
acteristics, or changes in them as some element of perovskites is
changed, has a correspondence with the PCE of the perovskites.
Although, ion-beam surface sputtering (IBSS) has been used for
decades as a tool for the unravelling of the composition of materials,
hence their intrinsic physical diﬀerences, via secondary ion mass
spectrometry, this IBSS approach has never been used to investigate the
physical factors responsible for diﬀerences in optoelectronic properties
of structurally similar materials (e.g. perovskites in photovoltaic ap-
plications). This is the approach we now take here via MC simulations.
The most suitable material, among perovskites, for a case study in
this regard is tin perovskite, CH3NH3SnI3, which is a 3D-structure metal
halide perovskite with similar characteristics as CH3NH3PbI3 (also 3D)
but with a reportedly much lower PCE of 6.4% [2]. It, nonetheless, has
the highest PCE among all the lead-substituted perovskites [7]. How-
ever, Pb, Sn or Ge are good occupants of the B-site for a stable per-
ovskite ABX3 structure, where the monovalent organic cation (e.g.
methylammonium, CH3NH3+) occupying the position A, the halide
counter-ion (e.g. iodine, I−) occupying the X-site, or even the metallic
occupant of the B-site, of the perovskite structure can be changed [e.g.
the 0D-Dimer Cs3Bi2I9, 2D Rb3Sb2I9, or 2D (CH3(CH2)3NH3)2CuBr4]to
tune the properties of the perovskite.
In this paper, we studied the range and sputter yield of ions in
CH3NH3PbI3 (lead), CH3NH3SnI3 (tin), CH3NH3GeI3, Cs3Bi2I9,
Rb3Sb2I9 and (CH3(CH2)3NH3)2CuBr4 perovskites, for diﬀerent ion en-
ergies and incidence angles, by Monte Carlo simulations, using SRIM
and TRIM. We used ions of inert gases Ne and Ar in the sputtering of
these perovskites. The rest of the paper is organized as follows. In the
next section we elaborated on the methods used to obtain our results.
For reproducibility, we provided details of the simulation set-up. We
presented and discussed our results in Section 3, and provided our
conclusions in Section 4.
2. Methodology
In this section we provided the speciﬁc details of our simulation.
Details of the theoretical background for the calculations and simula-
tion algorithms embedded in the TRIM and SRIM packages are dis-
cussed in the papers by Ziegler and Biersack [31–34]. SRIM was used to
perform MC simulations of the range of inert gas ions Ne+ and Ar+,
with energies varied from 1 keV to 10 keV, at normal incidence on the
targets. Ion energies in sputtering experiments, in general, fall within
10 keV. The ones that do not fall within the range are low-energy
sputtering experiments with ion energy around 500 eV. Hence, the
chosen range is relevant to typical ion energies. The targets were lead
perovskite CH3NH3PbI3 and tin perovskite CH3NH3SnI3. While TRIM
was used to perform MC simulations for the number of each component
of the perovskites yielded as a result of bombardment of the perovskite
by an incident ion, for varied incidence angles from 0° to 89°, and for
ion energies 1 keV and 5 keV.
In TRIM set-up, perovskite wafer thickness of 35 nm was used. For
both SRIM and TRIM, the lead, tin and germanium perovskites were
built from their composites in the stoichiometric ratio 1:3:1:3:1:3 for C,
H, N, H, Pb/Sn/Ge and I, respectively. Densities 4.16 g/cm3 [35] and
3.51 g/cm3 [36] were used, in the calculations, for the lead and tin
perovskites, respectively. Experimental densities were unavailable for
germanium perovskite and the remaining perovskites. Hence, the den-
sities were calculated, using TRIM, instead. However, calculated den-
sities for lead and tin perovskites were 2.49 g/cm3 and 2.15 g/cm3,
respectively, which underestimated the actual (experimental) values by
roughly 40%.
Therefore, for Ge perovskite a density of 3.32 g/cm3 (i.e. with a
correction factor of 5/3 of the calculated density) was used instead of
the calculated density of 1.99 g/cm3. The (CH3(CH2)3NH3)2CuBr4 was
built from its composites in the ratio 2:6:6:12:2:6:1:4 for C, H, C, H, N,
H, Cu and Br, respectively, and a density of 1.87 g/cm3 was used in-
stead of the calculated density of 1.12 g/cm3. Both Rb3Sb2I9 and
Cs3Bi2I9 were composed in the stoichiometric ratio 3:2:9 for Rb/Cs, Sb/
Bi and I, respectively, with densities of 7.43 g/cm3 and 8.30 g/cm3,
instead of the calculated densities of 4.46 g/cm3 and 4.98 g/cm3, re-
spectively. An amount of 1000 ions was used for each simulation to
allow the simulation to run for a reasonably long time. “Monolayer
Collision Step/Surface Sputtering” was performed to calculate the
sputter-yield in the TRIM set-up, while detailed calculation with full
damage cascade was performed to calculate the projected range in the
SRIM set-up.
3. Results and discussion
The results of our simulations are presented and discussed in this
section. Similar trends were observed for the two ions (Ne+ and Ar+),
though lower values of Ar+ ion range, and higher values of Ar+ sputter
yield, than the corresponding values for Ne+ were found. The simula-
tions were started with the lead (Pb) perovskite (Figs. 1–7) and its most
promising substitute, tin(Sn) perovskite, before performing those for
the other possible substitutes which have much lower PCEs
(Figs. 8–11). Fig. 1 shows the results of the projected range of the ions
Fig. 1. Projected range of Ne+ and Ar+ ion in lead- and tin-perovskite targets for diﬀerent ion energies from 1 keV to 10 keV.
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in the two perovskites for diﬀerent ion energies of 1 keV to 10 keV. The
values of the linear range of the ions in the two diﬀerent perovskites
were close, especially for sputtering with Ar+. These indicated that the
two materials were remarkably similar as regards their stopping power
to energetic particle irradiation. They reﬂected the choice of Sn as a
good substitute for Pb in the solar cell perovskite materials.
Sputter yield results are presented as follows, one for each element in
the perovskite, namely, C, H1 (H of the methyl molecule), N, H2 (H of the
Fig. 2. Sputter yield of C (atoms/ion) for the ejection of C atoms from Ar+ and Ne+ bombardment of the perovskites at diﬀerent angles of incidence, for ion energy of
1 keV and 5 keV.
Fig. 3. Sputter yield of H1 (atoms/ion) for the sputter erosion of H atoms of the methyl molecule from Ar+ and Ne+ bombardment of the perovskites at diﬀerent
angles of incidence, for ion energy of 1 keV and 5 keV.
Fig. 4. Sputter yield of N (atoms/ion) for the erosion of N atoms from Ar+ and Ne+ bombardment of the perovskites at diﬀerent angles of incidence, for ion energy of
1 keV and 5 keV.
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ammonium molecule), Pb/Sn, I. Fig. 2 shows the result for the number of
C atoms ejected per incident Ar+, and Ne+, ion on the lead and tin
perovskites at diﬀerent angles of incidence varied from 0° to 89°, for ion
energy of 1 keV and 5 keV. The same variables apply to Figs. 3–7, but for
the other elements, respectively (see the list above). For all results the
yield was higher for higher ion energy, and generally increased with in-
creasing θ (except for some ﬂuctuations) up to a maximum yield which
occurred between 70° and 82°, but mostly around 78°.
Fig. 5. Sputter yield of H2 (atoms/ion) for the ejection of H atoms of the ammonium molecule from Ar+ and Ne+ bombardment of the perovskites at diﬀerent angles
of incidence, for ion energy of 1 keV and 5 keV.
Fig. 6. Sputter yield of Pb/Sn (atoms/ion) for the erosion of Pb/Sn atoms from Ar+ and Ne+ bombardment of the perovskites at diﬀerent angles of incidence, for ion
energy of 1 keV and 5 keV.
Fig. 7. Sputter yield of I (atoms/ion) for the erosion of I atoms from Ar+ and Ne+ bombardment of the perovskites at diﬀerent angles of incidence, for ion energy of
1 keV and 5 keV.
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The yield of C atoms was from 0.03 to 0.20 (Fig. 2) for 1 keV ion
sputtering of Pb and Sn, whereas for the higher ion energy of 5 keV, it
was from 0.08 to 0.43. Fig. 3 shows the yield of H1 atoms as ranging
from 0.24 to 0.86 for 1 keV ion energy, and from 0.50 to 1.95 for 5 keV
ion. The yield ranges of 1 keV and 5 keV ion energy, respectively, are
0.16–0.46 and 0.21–1.01 (Fig. 4); 0.24–0.89 and 0.50–2.10 (Fig. 5);
0.13–0.53 and 0.21–1.21 (Fig. 6); 0.45–1.76 and 1.05–4.09 (Fig. 7); for
the erosion of N, H2, Pb/Sn, and I, respectively.
The C atom maximum yield is the lowest (Fig. 2), followed by N
atom (Fig. 4), Pb/Sn atom (Fig. 6), H1 atom (Fig. 3), H2 atom (Fig. 5),
and the highest yield is that of the I atom (Fig. 7), for the two ion
energies. Note that in Fig. 6 only two sets of data were available for
each (Pb or Sn) since Pb is not available in tin perovskite or vice versa.
The values of the two H atom yields are close, with the yield of H1
being slightly lower.
Since the results for Ar+ and Ne+ over the range of incidence angles
follow a similar trend, likewise the results for 1 keV and 5 keV ion en-
ergies, only the results for Ne+ and for 1 keV ion energy are, hence-
forth, presented. The results of Ne ion-beam sputtering of the remaining
metal halide perovskites are as follows.
Fig. 8 is a presentation of the simulation results of the range of Ne
ion in each of the remaining perovskites, namely: CH3NH3GeI3,
Cs3Bi2I9, Rb3Sb2I9 and (CH3(CH2)3NH3)2CuBr4. The values of the
range increase vis-a-vis power conversion eﬃciencies of the per-
ovskites (see Ref. [7] for reported PCEs). The only exception is
(CH3(CH2)3NH3)2CuBr4, for which a PCE of 0.63% had been reported,
Fig. 8. Projected range of Ne+ in each of the remaining perovskites for diﬀerent ion energies from 1 keV to 10 keV.
Fig. 9. Sputter yield (atoms/ion) for the erosion of A cations from Ne+ bombardment of the remaining perovskites at diﬀerent angles of incidence, and ion energy
1 keV.
Fig. 10. Sputter yield (atoms/ion) for the erosion of B cations from Ne+ bombardment of the remaining perovskites at diﬀerent angles of incidence, and ion energy
1 keV.
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whose range curve should be between those of Rb3Sb2I9 and
CH3NH3GeI3 which were reported to have PCEs of 0.66% and 0.20%,
respectively. Therefore, this ﬁgure indicates a correspondence be-
tween projected range values and PCE, for perovskites that have the
same halide content.
The results of sputter yield versus incidence angle for the remaining
perovskites are presented in Figs. 9–11. For uniformity and conciseness,
detailed sputter yield results for each constituent of the perovskites
were not presented as done for lead and tin perovskites above, since the
Cu and Sb perovskites have diﬀerent cation and halide ion composi-
tions. Hence, sputter yield results of the cation occupants of the A-site,
metallic occupant of the B-site, and the halide ion occupant of the X-site
were presented instead.
Fig. 10 displayed a similar trend as Fig. 9, from the critical angle of
∼78° for maximum yield onward, and therefore supports our earlier
inference of correspondence between sputtering characteristics and
PCEs. But this appears the other way round in Figs. 9–11 (though 11 is a
little vague for the Bi and Sb perovskites), where the yield appears to
decrease with increasing eﬃciency except, again, for the Cu perovskite.
Thus, these results provide an indication of a correspondence (direct
or inverse) between the sputter characteristics and PCE.
4. Conclusion
We performed Monte Carlo simulations of the ion sputtering of
methylammonium lead iodide (lead perovskite) and its lead-substituted
counterparts, methylammonium tin iodide (tin perovskite) and four
other promising perovskites as a new perspective for understanding and
improving upon the desired physical properties of less toxic perovskite
materials that are based on the possible substitutes for lead.
Currently, the perovskites of these substitutes have a much lower
PCE than lead perovskite. In our studies, reported in this paper, we
found the sputtering results of lead perovskite and its best substitute so
far, tin perovskite, to be very similar. In fact, so similar as to serve as
another reason why the quest to improve upon the properties of tin
perovskites, towards the desired better PCE in tin halide perovskite
based solar cell applications, should not be abandoned despite its cur-
rent very poor PCE. The results also indicated a correspondence be-
tween sputtering characteristics and PCEs.
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